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Natural oxide films on two cold-rolled Al-Mg alloys were studied using several techniques
(XPS, SIMS, ToF-SIMS, GDOS, SEM, TEM, Wetting measurements). The aim was to
characterise and compare the oxide layers formed on the two materials in order to better
understand the influence of the thermomechanical history. The experimental tools used
allowed the determination of the influence of the annealing process on the nature and
structure of the oxides. The hydration and Bronsted behaviour were also investigated.
The thickness of the layer, the amount of magnesium oxide and its dissolving resistance
in water are strongly modified by the annealing. The oxide film formed on the annealed
material is twice as thick as the one on the non-reheated material. The layer on the
annealed material contains more magnesium oxide and contains the crystalline forms:
B-Al,03 and bayerite (Al(OH)3). On the contrary, the oxide film formed on the as-rolled
material seems to be amorphous. The magnesium oxide is less soluble in water in the
annealed film than in the non-reheated one. Furthermore, aluminium and magnesium
oxides were found to be hydroxylated on both alloys, and the layer surfaces to behave
like a Bronsted meaning base. © 1999 Kluwer Academic Publishers

1. Introduction For the as-rolled alloy, the study aimed at understand-
The 5000 series Al-Mg alloy sheets are used for ang the influence of the working process on the nature
wide variety of industrial applications such as automo-and behaviour of the oxide and underlying metal. In the
bile body panels, conditioning, and acoustic devices. Acase of the annealed alloy, the knowledge of the layer
large number of investigations have been conducted owas essential for understanding adhesive bond strength.
surface analysis of polished and re-oxidised aluminiurrindeed, the microscopic morphology and chemistry are
and aluminium alloys, since several decades. One maiynportant in determining bondability. The purpose of
for instance quote a quite ancient work on aluminium-this paper is to investigate the effects of the annealing
magnesium alloys [1]. Some information on the pio-Stage on composition, structure, water reactivity and the
neer modern surface investigations may be found iracid-base properties of the natural oxide film formed on
reference [2], but the existence of several more recerthe alloys. Several microscopic and spectroscopic tech-
publications (see for instance references [3—6]) provesiques were used on as-received and hydrated samples.
that the structure and composition of that kind of film is
still under discussion. The oxides investigated in thos®. Experimental
studies are grown in laboratory conditions and may be&.1. Materials and specimen preparation
considered as model films, but very few papers dealwo commercial cold-rolled alloys were used in this
with natural oxides formed on rough surfaces, in actuaktudy. The ingots were pre-heated at 530then hot-
industrial conditions. The present paper is especiallyolled between 500 and 30C, and finally cold-rolled.
interested in the layer grown during working of Al-Mg The as-rolled sheets were 0.6 mm thick with a rough-
alloy sheets. ness of 0.3%m (rmax measured by mechanical micro-
Studies about cold-rolling and adhesive bondingprofilometry). The annealed sheets were 1 mm thick
were carried out on two different alloys, as-rolled with a roughness of 0.2am. They were annealed at
A5182 (Al-4.7 wt% Mg) and annealed A5086 (Al- 360°C during 12 hin air. The composition of the alloys
4 wt% Mg), respectively. It is interesting to point out is given in Table |. The samples were cut to appropriate
that the chemical compositions of the two substrates arsize depending on the used technique. All samples used
close. The main difference is the annealing undergon@ the study were degreased, by the following proce-
by the A5086 sheet. dure: The as-rolled samples were ultrasonically cleaned
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TABLE | Composition of alloys A5182 and A5086 (wt %) and a voltage of 500 V. The diameter of the sputtered
areawas 4 mm.

The acid and basic properties were estimated through
A5182 (as-rolled) 4.70 0.37 0.24 0.10 0.06 0.0015 0.006 0 the drop contactangle titration method at room temper-
A5086 (annealed) 4.00 0.22 0.38 0.20 0.03 0.15 0.03 0.0lature (20°C). Contact a.ngles of pH buffered solutions
were measured on a KISS contact angle measuring
system to detect surface ionizable functionality in a
in hexane during 5 min. The annealed samples were déualitative manner. Constant volume droplets of@.5
greased in atrichloroethylene vapour bath during 5 minwere delivered. On every sample at least ten measure-
The reaction between the oxide layer and water waghents were performed; the scattering from the average
also investigated by dipping the samples into boilingvalue was no more thary 2
deionized water for 90 s.

Alloy Mg Mn Fe Si Cu Cr Zn Ti

3. Experimental results and discussion

2.2. Techniques 3.1. As-received state

Scanning electron images (SEM) were obtained with3. 1. 1. Microscopy results

a CAMBRIDGE INSTRUMENT microscope or with A SEM image of the surface of as-received alloys
a JEOL microscope. Both microscopes were equipped5182 and A5086, after cleaning, is shown in Fig. 1.
with an energy dispersive X-ray spectroscopy (EDS)RO”ing stripes are observed and the matrix is partly
system. These techniques were used to study the topgovered with bright and dark particles. Using EDS, the
graphical and chemical aspect of the surface. bright particles are identified as (Al, Fe, Mn)-containing

A JEOL 2000 EX transmission electron microscopeintermetallic compounds. The dark ones are enriched
(TEM) was used to image the oxide layer of the as-n carbon and oxygen. The oxide layer may be thicker
rolled alloy. The samples were ultramicrotomed crosdn these areas. Another explanation can be the existence
sections. of hydroxides. Examination of the surface exhibits the

The surface crystallinity of the oxides was investi- presence of cracks, revealing the metal substrate. SEM
gated by low angle electron diffraction, in a PHILIPS analyses display a non-homogeneous oxide film. TEM
CM 12 TEM. investigations (Fig. 2) also show that the oxide thick-

The surface composition of the oxide layers beforeness is irregular.
and after hydration was investigated by X-ray induced
photoelectron spectroscopy (XPS). Spectra were re-
corded with two different spectrometers. The first one
was a LEYBOLD equipped with an K, (1486.6 eV)
source, and a manipulator which allows the rotation
of the sample with respect to the analyser axis (angle-
resolved XPS9 is the angle between the surface and
the detection direction). The second spectrometer was
a RIBER. The source was a Mg (1253.6 eV) radia- }
tion. The pressure inside the spectrometer chamber was
around 107 Pa and the source power was near 250 W.
The sample size was 12 15 mn?. Some sputter etch-
ing was carried out at approximately B0~ Pa with
an argon ion beam. Both spectrometer display an in-
situ heating specimen holder, used for analyses after
heating under high vacuum.

Secondary ion mass spectroscopy (SIMS) profile
were recorded with a CAMECA IMS3f analyser. The
samples were sputtered with a primary ion beam of
4OAr+, The diameter of the analysed area wag.60.
The incident angle of the primary beam (still referred to
the surface) for 5.5 keV primary sputtering energy and
positive secondary ion detection was 48he sputter-
ing current density was pA - cm—2. Those conditions
were chosen to minimise the effect of the primary beam
implantation transitory stage.

Static SIMS was performed in a Time-of-Flight spec-
trometer (ToF-SIMS, CHARLES EVANS and ASSO-
CIATES). The samples were bombarded with a pri-
mary ion beam ot'°In* (15 keV). The analysed area
was 120um in diameter. Positive secondary ions were
analysed. The Glow-Discharge Optical Spectrometry
(GDOS) measurements were made on a LECO 100Gigure 2 TEM image of an ultramicrotomed cross-section on the as-
which allowed ionic erosion with a current of 50 mA rolled alloy.

é:igure 1 SEM image representative of the surface of both alloys after
cleaning.

e Oxide layer
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t Intensity (arbitrary units) TABLE Il Estimated oxide thickness on as-received alloys A5182
and A5086
Alloy A5182 as-rolled A5086 annealed
Al3+
\ MN\W / Oxide thickness (nm) 4 7
As-rolled sample o ® Aoxide IS the mean free path of photoelectrons in
the oxide layer, estimated from the calculated free
WWNWWW : ’
ik "’*vawwm paths in AbO3; and MgO [10] and balanced by the
respective amount of the oxidised Al2p and Mg2p
Annealed sample components.

L WWW WW“M’WMWMMM el mean e path of ptoslectons e

, , , e loxide IS the percentage of the summed Al2p and
7 & 7‘ 6 Mg2p oxide peaks areas in the spectrum, taking
into account the cross section for each peak.

Binding energy (eV) . . o
¢ ImetaliS the percentage of Al2p metallic aluminium
Figure 3 XPS: comparison of Al2p spectra for both alloysat 90°. component in the spectrum.
Intensity scales are different. o Noxige IS the average atomic ratio of Al and Mg in

the duplex A}O3/MgO oxide.
3.1.2. Composition and microstructure
The chemical composition of the oxides was investi- The calculation gives estimated average thickness be-
gated using XPS, SIMS and ToF-SIMS. TEM was usedcause the substrate roughness, the non-homogeneity of

to characterise the microstructure. the oxide layer, and the existence of hydroxides are not
For each sample, core-level spectra in the C1s, Al2ptaken into account in the above equation. The obtained
Mg2p and Ol1s regions were recorded by XPS. values are given in Table Il, and verify the assumption

The C1s emission is certainly due to a variety of ad-that the thickness is larger on the annealed sample than
sorbed hydrocarbons and a minor peak at higher binden the as-rolled one, as illustrated by Fig. 3.
ing energy can be attributed to carbonate and organic Considering the O1s core-level, the recorded spectra
carboxylate groups [7]. are wide, indicating the presence of a mixture of more
The Al2p envelope exhibits two peaks. The low bind-or less hydrated or hydroxylated Al and Mg oxides.
ing energy component can be attributed to metallicOn both O1s peaks, a shoulder is detected on the low
aluminium, mostly issued from the substrate, and thévinding energy side. This component can be related to
higher binding energy line can be associated with theMg(OH),, as it was determined on the Mg2p line.
aluminium oxides and hydroxides [8—11]. Fig. 3 shows In order to interpret the different components of the
the spectra of the Al2p core-level obtained for the twoO1s peak, dehydration experiments were performed
alloys. These curves indicate that the thickness of th¢300°C for 3 h in the spectrometer chamber vacuum).
oxide film is larger on the annealed sample. From those investigations, the O1s spectrum before de-
The Mg2p region consists of an oxidised peak with ahydration could be interpreted as containing four (as-
low binding energy shoulder which could be assignedolled alloy) or three (annealed alloy) components. In
to Mg(OH), [10-13]. Indeed, it was verified that when the order of increasing binding energy, the identified
a Mg oxide grown on pure magnesium substrate is hyeomponents (Fig. 4) are due to the following bohds
drated in boiling water for 10 min, the Mg2p peak shifts Mg-O-H (Mg(OH),) at 531.5 eV; AlI-O and Mg-O
towards low binding energies. (Al,03 and MgO, not separated) at 532.4 eV; Al-O-H
The atomic ratio between the elements Mg and AI(AIO(OH) or AI(OH)3) plus contamination C-O, at
in the oxidised state, estimated using the photoelectri®33.5 eV; HO plus contamination €0, at 534.6 eV.
cross-sections calculated by Scofield [14], varies froml'he decomposition of the Ols spectrum on the as-
1 for the as-rolled sample to 1.8 for the annealed onereceived (Fig. 4a) and dehydrated (Fig. 4b) samples
Then, the annealing undergone by the A5086 sheet hag#hows an important apparent shift of the peak, as-
resulted in a larger concentration of Kfgin the oxide  sociated to narrowing (note that the Al2p and Mg2p
film. This phenomenon is reported by several authorgpeaks are not shifted in these conditions). This con-
[5, 8, 15]. firms that the major component situated at a high bind-
It is worth underlying that there is a substantial Mg ing energy (533.5 eV), quasi-eliminated by heating, can
enrichment in the outermost layers of the alloys wherebe attributed to aluminium hydroxides (AIO(OH) or
Mg/Al = 1 to 2, compared to the bulk atomic ratio of Al(OH)3z), as in published data [7, 16-19].
0.05. The non-occurrence of the peak attributed tgOH
The oxide film thickness can be estimated using thd10, 16, 17] for the alloy 5086 is probably due to desorp-
following equation, based upon Seah and Dench relation of water induced by the annealing process.
tion [10],
[ ] * Energy calibration is not corrected, as°Apeak is detected at its
normal value (72.9 eV). Background Shirley correction is used.

Peaks are fitted with a Lorentzian-Gaussian (£G.1) model and
x In[(I oxide X Ametal/(Imetal X Noxide X Aoxide) + 1] FWHM=2+0.2eV.

doxide = Aoxide
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(b) Figure 5 Low-angle electron diffraction patterns on the annealed alloy:
(a) B-Al,03 (11 Al,03.MgO), (b) Bayerite (Al(OH3}).

Figure 4 XPS: O1s peak fitting on the as-rolled alloy: (a) before dehy-

dration (as-received), (b) after dehydration (3@Q high vacuum). 4 . . .
Intensity (arbitrary units)

Further information on the composition and structure W*‘ AP
of the oxide film is obtained using SIMS, ToF-SIMS M
and low-angle electron diffraction. W L
In the SIMS profiles performed on the as-rolled sam- L “WNMWM 50°
ple, the OH and MgO'" signals exhibit exactly the e MM 300
same evolution with the sputtering time. Moreover,
peak maxima of those signals are obtained at the early bl 2
stage of the abrasion, which indicates that the upper — AP 5
layer of the oxide film might include Mg hydroxide. WWW gl 10
On the annealed sample, ToF-SIMS spectra confirm PR R R S e
the presence of Al- and Mg-containing species on the Lo
extreme surface. Binding energy (V)
Concerr_“ng the oxide mlcros_tructures, _the IoW-angleFigure 6 Angle-resolved XPS: Al2p peak variation on the as-received
electron diffraction patterns (Fig. 5) confirm the well- znnealed alloy.
known [2, 20] influence of temperature on their crys-
tallinity. On the annealed sample the oxide microstruc+allinity of the Mg(OH), compound. The same experi-
ture is partially crystallised, and exhibj-Al,O3;  ment performed on the as-rolled alloy does not reveal
(11 Al03.MgO) and bayerite (AI(OH) crystal struc-  any diffraction pattern, suggesting, as expected, that ox-
tures (Fig. 5a and b). Lea [15] and Doherty [21] foundides are amorphous. This was confirmed by the absence
that amorphous AD3 films on non-allied aluminium  of diffraction contrast in TEM observation of that alloy
heated above 350-40Q turn intoy crystalline form.  (Fig. 2).
The presence of thg-Al,O3 crystalline form, instead Some angle-resolved XPS experiments were carried
of the expected’ form has never been mentioned to out on the alloys. As shown on Fig. 6, the metallic com-
our knowledge in that temperature range, and may bponent intensity on the Al2p line (annealed sample) is
attributed to the high magnesium content. No obtainedncreasing for take-off angles equal or smaller thah 20
pattern can be associated with MgO, indicating that{referred to the surface). On the as-rolled alloy, the log-
this oxide is probably amorphous. As some lines ofical decrease of metallic aluminium is observed down

the Mg(OH), diagrams are similar to the-Al,O3 di-  to 20°, but below this take-off angle, the importance of
agram, it is not possible to conclude about the crysthe metallic aluminium component increases also.

v
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Figure 9 XPS: Aloyide/Mdoxide Pe@k ratio versus sputtering time on the

Figure 7 Angle-resolved XPS: Al2p peak variation on an etched an- as-rolled alloy.

nealed sample.
1000

One of the causes for this last phenomenon may
be the substrate roughness which can disturb mea-
surements at very low take-off angles. This roughness
effect can be ruled out by XPS results obtained on
an etched annealed sample (Fig. 7), which exhibits a
roughness twice as important as the non-etched sample
but presents a logical decrease of the Al2p metallic
componentwhen the take-off angle decreases. Note that
magnesium is no more detected after etching.

Another reason could be the presence of metallic
aluminium in the outermost layers of the oxide film.
T_his last assumptiqn is based on magpesium diffu- Sputtering Time (s)
sion through the oxide layer and reduction ob@}
by Mg?* ions, as follows [7, 22]: Figure 10 GDOS: O, Mg and Al profiles on the as-rolled alloy.

3
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Intensity (arbitrary units)
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1 2

Mg + 3A1205 — MgO + 3Al not situated in the upper part of the oxide layer. Note

SIMS experiments on the as-rolled sample confirm@lso that the carbonate/carboxylate contribution to the
the presence of metallic aluminium in the oxide layer.0xide layer could not be eliminated by prolonged pol-

Indeed, A} signal, which can be considered as repreJShing. _ _

sentative of the metal state, has a shoulder in the oxide During argon sputtering, the féde/MJoxide ratio ob- -

layer (Fig. 8). tained on the as-rolled alloy from Al2p and Mg2p emis-
The metallic aluminium presence assumption seem8ions (Fig. 9) shows a rise in the first stage and then a

to be the most relevant and is also mentioned by sever&lecrease. This signifies that magnesium is present at
authors [6, 15, 23-25]. the external interface and at the metal/oxide interface.

GDOS experiments confirm this magnesium distribu-
tion (Fig. 10). A shoulder at the external interface and a
3.1.3. Oxide layer organisation maximum at the internal interface are evidenced. SIMS

ponent on C1s XPS spectra is decreasing when take-off

angles decrease, suggesting that these compounds are SN e ——— s a———

@
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Figure 11 SIMS: OH', Mg™, MgO*, AIO*+ and Mg profiles on as-the
Figure 8 SIMS: Al and O profiles on the as-rolled alloy. rolled alloy (Ar" sputtering).
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Figure 12 GDOS: O, Mg and Al profiles on the annealed alloy.

of OHT, Mg*, MgO*, AIO" and Mg signals while
sputtering. As explained before, the MgQGignal is
representative of Mg(OH) The Mg signal could
be associated with MgO [26] as the metallic state
may be characterised by Mig The aluminium oxide
and hydroxides (Al®) seem to be in the layer core,
Mg(OH), being situated preferentially on the extreme
surface and MgO at the internal interface.

GDOS experiments on the annealed sample (Fig. 12)
indicate a large magnesium enrichment at the external
surface.

For both specimens (Figs 10 and 12), the O signal
decreases drastically in the early stage of the sputtering,
with a slope change in the core of the film, indicating
that the hydroxides (more rich in oxygen) are located
in the outer part of the film.

Al(OH); or AIO(OH) Mg(OH),

\

i

Al°

Al-Mg alloy

Grain

boundary
(@

Grain
boundary

Mg(OH),

Bayerite (Al(OH);)

Al-Mg alloy

Grain Grain
boundary boundary

In the oxide layer, the position of MgO is then dif- ®)
ferent between the two alloys. This could be due to
the nature of alumina. Indeed, on the annealed sanFigure 13 Tentative feature of the oxide films: (a) As-rolled alloy,
ple, a partial crystallisation of AD3 allows magnesium  (b) Annealed alloy.
to diffuse towards the surface using either crystallised

alumina grain boundaries or interphase boundaries be- 80
tween the crystalline and amorphous®4 as diffusion 70
short-circuits. On the contrary, on the as-rolled alloy, g 1
alumina is amorphous and the layer acts as a barrier, 5 ™ | o =% 0
which prevents diffusion of a large amount of magne- = 50 - o ~
sium through the oxide film [6, 15, 22]. ,§ w0 —O—Asolledsampls

To summarise the composition and microstructure g ----O---- Annealed sample
interpretations, a schematic feature of the oxide film 3 303 ; :
organisation for each alloy is proposed in Fig. 13. 20 l :

" A}(OH); stability domain

3.1.4. Surface acidity/basicity ™ i
Fig. 14 illustrates the variation versus pH of the contact L S S S S Y _1
angle of different buffered solutions for both alloys. As pH -

discussed in a previous work [27], itis important to dis-
tinguish between the pH domain of the extreme surfacé&igure 14 Acidity/basicity contact-angle titration on both alloys.
thermodynamical stability, where only 2D interaction
occurs with the drop, from the 3D dissolution domains.tion. The oxide film covering the annealed alloy is then
Here, for 4< pH < 9 the curves are superimposed. Fur-more sensitive to corrosion. This phenomenon is justi-
thermore, measured angles are increasing for pH risin§jed by a larger amount of magnesium oxide in the layer
values, which implies a basic character of the surfacewvhich worsen the corroding reaction [31] in those two
This pH interval corresponds to the Al(Of#tability  PH domains.
domain [16, 27-30].

Below pH= 4 and above pH- 9, the layer behaviour 3.2. Hydrated alloys
is different. On the annealed sample, measured contattydrating the as-rolled sample during 90 s leads to
angle are lower, implying a more significant 3D reac-pores development and to some cracks around the (Al,
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position and different thermal history was completed.
The thermal history has, in particular, a large influence
on the hydration behaviour of the extreme surface film.

Figure 15 SEM micrograph on the hydrated annealed alloy.

Fe, Mn) intermetallic precipitates. The surface aspect
becomes foam-flecked. For the annealed alloy, a signifi-
cant difference of the surface topography evolution
is observed, as compared to the behaviour of the as-
rolled sample. This is illustrated by SEM micrography
in Fig. 15. Protruding hydrated oxides can be noticed
[32—34]. This sub-layer has a dense structure with crack
formation.

From low-angle electron diffraction patterns, only
Al(OH)3 crystals are found on the hydrated annealed
alloy, which may be related to the more numerous pro-
trusions observed by SEM, as compared to the as-rolled
alloy. The initial crystalline nature of the annealed film
might thus explain the differences between the two hy-
drated alloys.

Furthermore, magnesium compounds are no more
detected by ToF-SIMS at the extreme surface, where
only aluminium compounds are present. The combined
results of all experiments imply that after hydration, the
superficial monolayer of the oxide film is only consti-
tuted with aluminium hydroxides.

XPS Ols peak fitting after hydration shows that com-
ponents attributed to Mg(Ok)and ALO3/MgO are
reduced to the benefit of hydrated aluminium oxides.
Al2p and Mg2p spectra also show a decrease of the
relative Mg amount in the analysed thickness.

On the annealed sample, a short"Asputtering re-
stores the Mg2p line as intense as before hydration. On
the as-rolled alloy, even a long erosion is ineffective to
recover the same Mg quantity as the former oxide film.
Magnesium oxide and hydroxide are thus partially dis-
solved.

The GDOS Mg signal on the as-rolled sample falls
down, confirming the partial dissolution of the magne-
sium oxide. SIMS analysis gives a similar result.

In summary, annealing does not modify the emer-
gence of aluminium hydroxides but influences their
morphology and the water dissolving resistance of
MgO. This could be due to the magnesium oxide struc-
ture and/or amount difference, and to differences in the
crystallinity mentioned above.

4. Conclusion
In this physico-chemical and structural study of the na-

The following similarities and differences are evi-

denced:

e For both alloys, the oxide film is enriched in oxi-
dised Mg, that enrichment being more pronounced
for the annealed alloy. The oxide thickness, larger
for the annealed alloy, remains less than 10 nm.

e The oxide film contains aluminium in the metallic

state, probably as a consequence of the reduction

of alumina by diffusing magnesium.

In both films, aluminium and magnesium hydrox-

ides are present.

The Bronsted acid-base behaviour of the extreme

surface of both oxides is identical and corresponds

to the behaviour of AI(OHy). The higher reactivity

of the annealed alloy oxide film for low and high

pH is attributed to its higher magnesium content.

The magnesium distribution is different between

the two alloys. Indeed, annealing induces the for-

mation of crystallised alumina, clearly evidenced
on those nanometer scaled films by grazing elec-
tron diffraction. This may enable a better diffusion
of Mg through the film and its oxidation in the outer
part of the film formed on the annealed sample,
whereas the most part of magnesium is oxidised at
the metal/oxide interface on the as-rolled alloy.

The hydration behaviour of the films is different:

Mg oxide and hydroxide are nearly totally dis-

solved for the as-rolled alloy, but only imbedded

for the annealed alloy, for the benefit in both cases
of aluminium hydroxides.

Concerning the influence of the observed features on

the performances of the native air-grown oxide films in
service conditions, the following appreciation may be
proposed:

e Foradhesive bonding application, both surfaces ex-
hibit the same Boiisted acid-base reactivity, which
suggests a similar wetting behaviour. The higher
surface reactivity experienced for the annealed al-
loy would lead to suggest this type of treatment,
followed by the surface cleaning described in Sec-
tion 2.1.

For the problem of surface behaviour during cold-
rolling, this investigation has shown that the prese-
nce of magnesium as an alloying element increases
drastically the susceptibility to water degradation
of the native oxide film, leading to a selective dis-
solution of the magnesium oxide and the forma-
tion of mechanically weak aluminium hydroxide.
This should have deleterious consequences on the
protecting character of the film, and on the reac-
tions with lubricants within the cold-rolling mill
roll-gap.

That comparison of specimens with a complex com-

tive oxide films grown at low temperature on Al-Mg al- position has evidenced the influence of the thermome-
loys, a comparison between two alloys of similar com-chanical treatments on the surface film composition and
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structure, as well as their behaviour in presence of waters
Such conclusions could not have been drawn without
the conjunction of several complementary Characteri-l 4
sation methods.
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